Mammalian genomes encode a large number of small noncoding RNAs (sncRNAs) that play regulatory roles during development and adulthood by affecting gene expression. Several sncRNA species, including microRNAs (miRNAs), piwiinteracting RNAs (piRNAs), endogenous small interfering RNAs (endo-siRNAs), and small nucleolar RNAs (snoRNAs), are abundantly expressed in the testis and required for normal testicular development and spermatogenesis. To evaluate global changes in sncRNA expression, the next-generation sequencing (NGS)-based sncRNA transcriptomic analysis has become routine, because it allows rapid determination of the small RNA transcriptome of a particular testicular cell type. However, annotation of small RNA NGS reads can be challenging due to the volume of reads obtained, which is usually in the millions. Therefore, we developed a computer-assisted sncRNA annotation protocol that could identify not only known sncRNAs but also previously uncharacterized ones. Using this protocol, we annotated NGS reads of a Sertoli cell sncRNA library, and we report to our knowledge the first comprehensive annotation of the sncRNA transcriptome of immature murine Sertoli cells. Moreover, the computer-assisted sncRNA annotation pipeline that we report is applicable for annotating NGS reads derived from other cell types and/or sequencing platforms.
INTRODUCTION
The discovery of small noncoding RNAs (sncRNAs) has changed our view on the makeup of the eukaryotic genome. Now we know that only a small proportion of the eukaryotic genome (;1.5% in the human) encodes mRNAs for protein production, and the majority of the eukaryotic genome (;95% in the human) is transcribed and processed into large or small nonprotein-coding RNAs [1, 2] . These sncRNAs are synthesized through distinct mechanisms and are generally associated with diverse effector complexes to affect gene expression at either transcriptional or posttranscriptional levels [3] . Many sncRNA species have been identified, including those known infrastructural small RNAs, such as rRNAs and tRNAs, and small regulatory RNAs, such as microRNAs (miRNAs), piwiinteracting RNAs (piRNAs), small nuclear RNAs (snRNAs), endogenous small interfering RNAs (endo-siRNAs), and small nucleolar RNAs (snoRNAs) [4] . All of the known sncRNA species are abundantly expressed in the testis [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] and play critical roles in testicular development and spermatogenesis in mice [15] [16] [17] [18] [19] [20] [21] . For example, miRNA production in spermatogenic cells is essential for normal spermatogenesis and male fertility in mice [15, 16, 19, 22] . Murine Sertoli cell-specific ablation of Dicer causes deficiency in miRNA biogenesis, leading to disrupted Sertoli cell development, failure in spermatogenesis, and male infertility [22] [23] [24] [25] . All three members of the PIWI protein family (PIWIL1, PIWIL2, and PIWIL4; also called MIWI, MILI, and MIW2, respectively) have been demonstrated to be essential for spermatogenesis in mice [20, [26] [27] [28] . A lack of piRNAs has been shown to be incompatible with normal spermatogenesis and male fertility [21, 29, 30] . Our recent data also suggest that endo-siRNAs expressed by spermatogenic cells appear to have a ''supporting'' role in male germ cell development, because disruptions in spermatogenesis appear to be more severe when only miRNAs are eradicated (Drosha knockout) than when both miRNAs and endo-siRNAs are eliminated (Dicer inactivation) [22] .
Because of the involvement of sncRNAs in the regulation of gene expression, researchers have started to investigate roles of sncRNAs in development, adult physiology, and pathophysiology [31] [32] [33] [34] . As the first step toward functional study, the small RNA transcriptome of a particular organ or a cell type of interest has to be defined. Also, transcriptome-wide changes in sncRNA expression can provide a global picture of the effects of a stimulus or a disease condition. Therefore, sncRNA transcriptomic analysis is critical. Unlike the microarray analyses often employed for quantitative analyses of known or bioinformatically predicted sncRNAs, next-generation sequencing (NGS) allows not only quantitative analyses but also discovery of novel tissue/cell-specific sncRNA species [34] . That is why NGS has become routine in defining sncRNA transcriptomic changes in development and physiological/ pathophysiological conditions. However, NGS data usually contain hundreds of thousands or even millions of sequence reads, which obviously presents a great challenge to researchers who may not have access to professional bioinformatics support or cannot afford commercial annotation software. Even for those who do, however, limitations remain, because only known sncRNA species that were previously identified and collected in various sncRNA databases can be annotated. This often leaves a substantial number of sequence reads unannotated. Some free online annotation resources are available [35, 36] , but these are usually for annotating one particular type of sncRNA, such as miRNA or tRNA, or do not contain the tools necessary for actually annotating all NGS reads in an sncRNA library.
As initial efforts to study roles of sncRNAs in testicular development and spermatogenesis, we sequenced a Sertoli cell sncRNA library using the 454 Sequencing Platform. To define the small RNA transcriptome, we developed an annotation protocol in which our custom-made sequence comparison software (Sequery Version 1.0) was used in conjunction with two free online programs [37, 38] . Using the Sertoli cell sncRNA library as an example, we demonstrate how this protocol was applied to identify not only known sncRNAs but also numerous novel sncRNAs of both known and unknown species. Our method can easily be adopted and/or adapted for annotation analyses of small RNA results from various deepsequencing platforms.
MATERIALS AND METHODS

Sertoli Cell Purification
The Institutional Animal Care and Use Committee of the University of Nevada, Reno, approved the use of mice in the present study (protocol 00409). For preparation of sncRNA libraries, immature Sertoli cells were purified from 6-day-old C57Bl/6 mice using the STAPUT method described previously [39] . Cellular morphology was assessed using phase-contrast microscopy, and the purity was greater than 85%. For validating sncRNA expression, Sertoli cells were purified from 6-day-old male mice with a genotype of Rosa26-mTmG þ/tg ; Amh-Cre, in which Sertoli cells expressed membrane-bound enhanced green fluorescent protein (mG) due to Cre activity driven by the Sertoli cell-specific anti-Müllerian hormone (Amh) promoter [40, 41] . The green Sertoli cells were purified using fluorescence-activated cell sorting (FACS; FACSAria II; Becton Dickinson), and the purity as evaluated using fluorescence microscopy was greater than 90%.
Small RNA Library Preparation, Deep Sequencing, and PCR Detection
Small RNA fractions were isolated from purified Sertoli cells, whole testis, ovary, and brain, and small RNA cDNAs (srcDNAs) were generated as described previously [42] . The srcDNAs were separated by agarose gel electrophoresis, and gel slices containing srcDNAs smaller than 200 nucleotides were dissected for recovery of srcDNAs [42] . Eluted srcDNAs were subsequently sequenced using the 454 GS 20-sequencing platform (454 Life Sciences, Roche), and all sequencing reads obtained were subject to annotation analyses using Sequery, our custom annotation software, which is freely available online (www.medicine.nevada.edu/yan/sequery.html). Using srcDNAs, a PCR-based method for detection of sncRNAs was performed as previously described [42] . Primer sequences used can be found in Supplemental Table S1 (all Supplemental Data are available online at www.biolreprod.org). Raw sequencing files can be found at the National Center for Biotechnology Information Gene Expression Omnibus (GEO) with series accession number GSE40692 (www.ncbi.nlm.nih.gov/geo/query/acc. cgi?acc¼GSE40692) [43] .
Small RNA Annotation Workflow
To generate a comprehensive Sertoli small RNA transcriptome, basic workflows were developed to determine small RNA categorization and matching. As shown in Figure 1 , sequences were initially trimmed, removed if duplicated, and separated by barcode. Next, reads were matched to known small RNA species. All sequences not corresponding to a known small RNA were extracted and categorized as novel species per the flow chart presented in Figure 2 .
Writing of the Sequence Annotation Software, Sequery
Sequery is a custom program with a facile graphical user interface (GUI) (Fig. 3A) . It was written in OpenGL and C, which recognizes each sequence as a string of 1-byte characters. Using Sequery, one can compare simultaneously thousands of sequence reads with DNA sequences (e.g., genomic sequences of different species) and RNA sequences (e.g., transcriptomes of mRNAs and different sncRNA species) to determine whether complete or partial matches exist. FASTA-formatted and tab-delimited text sequences can be imported and compared for nucleotide matches. More functions of this software are described in detail in the Sequery manual (www.medicine.nevada.edu/yan/sequery.html).
Extraction of Small RNA Reads from 454 Sequencing Data
After sequence reads were imported into Sequery, RNA sequences were displayed as rows of colored squares representing each nucleotide: A ¼ azure (blue), T ¼ violet (purple), G ¼ green, and C ¼ cream (Fig. 3B ). Sequences are sorted by user-assigned bar codes, which usually are two to four nucleotides inserted at the beginning of each sequence to identify library from which the RNA was derived (e.g., AA ¼ Sertoli cell, AC ¼ round spermatids) (Fig. 3B) . Several extraction and sorting functions are available through Sequery, such as adapter removal, duplicate sequence extraction, and size exclusion (Fig. 3C ). Extracted sequences can be returned as a user-designated file with FASTAformatted sequences. Global searches using Sequery for barcodes and adapters in the sequence reads were performed to remove unwanted degradation products and non-Sertoli library reads. Adapter and barcode sequences were removed, actual Sertoli sequences extracted, and lengths recalculated (Supplemental Table S2 ).
Alignment to Known Small RNA Sequences
Sequence reads of sncRNA libraries can be compared to known sequences using Sequery. In addition to exact-match sequence comparison, a userdesignated number of nucleotide mismatches can be allowed in each test sequence. Sequence comparison output files list the relative abundance of the sequence searched for (reference sequence), a description of each sequence to which it matched (test sequences), where the match occurred in the reference sequence, and the percentage of difference between each match.
A master library of known small RNA sequences was created by collecting all known mouse miRNA, piRNA, rRNA, snoRNA, snRNA, tRNA, LTR (long-terminal repeat), non-LTR, and ERV (endogenous retrovirus) sequences from miRBase [44] , the functional RNA database (Version 3.4) [45] , the 
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noncoding RNA database (Version 2.0) [46] , the Genomic tRNA database (accessed January 5, 2011) [47] , and Repbase (Version 14.10) [48] . Known murine sncRNA sequences were separated from multispecies libraries using Sequery's ''Sort'' function, which allows separation of sequences containing keywords or phrases (e.g., sort for Mus musculus) (Supplemental Table S2 ).
Sertoli cell NGS reads were compared to this master library of known sncRNAs using Sequery. Up to two nucleotide substitutions were allowed for each test sequence. All sequences that did not match the known master library were analyzed further for candidacy as novel small RNAs.
Genome Alignment
In a manner similar to that of known library comparison, genome alignments can be performed to remove sequencing errors and to determine locations of sequences in the mouse genome. Just like other alignments using Sequery, the genome can be uploaded to perform exhaustive matching between the unknown sncRNA file (test) and genome file (reference). Sequences can also be analyzed for antisense transcription by generating complementary library sequences and saving in FASTA format for genome alignment. Genome alignments of unmatched test sequences were performed by sequential comparison of all unmatched test sequences (test file) to each chromosome (reference file) in a manner similar to the known library comparison [49] . Only exact (sense and antisense) matches to the chromosome (no nucleotide differences) were kept as sequences produced from the mouse genome (mm9 assembly). An exact match was required to prevent false discoveries of novel sncRNA sequences. All remaining sequences were removed from analyses.
Novel sncRNA Discovery
Genome-aligned, potentially novel sncRNA sequences were separated by size for further classification as illustrated in Figure 2 . Sequences with 15-32 nucleotides were considered to be potential miRNAs, endo-siRNAs, or piRNAlike RNAs (pilRNAs). These sequences were first analyzed for possible miRNA structure using MIREAP [37] , a miRNA structure predictor. All remaining sequences that were not classified as miRNAs were analyzed further as possible novel endo-siRNAs. Sequences ranging from 24 to 32 nucleotides not identified as miRNAs or endo-siRNAs were classified as pilRNA sncRNAs based on length. Sequences meeting these criteria in the Sertoli library were not classified as potential piRNAs but as pilRNA sncRNAs, because piRNAs are restricted to germ cells [50] .
Novel miRNA Detection via MIREAP
Sequences aligned to the genome ranging from 15 to 32 nucleotides were tested as potential miRNAs using MIREAP 0.2 [37] . MIREAP is an opensource miRNA discovery program designed to detect miRNAs in deep sequencing data (sourceforge.net/projects/mireap). MIREAP requires the installation of the Vienna RNA Package for secondary structure prediction [51] . Vienna RNA Package Version 1.8.5 was used for the present study. The following MIREAP default parameters were used to classify sequences as FIG. 2. Flow diagram of novel small RNA annotation procedure. Sequences that do not match known RNA sequences and that map to the genome are subsequently separated by size and analyzed for conserved sncRNA characteristics using Sequery and additional free online programs.
SERTOLI CELL sncRNA TRANSCRIPTOME ANNOTATION miRNAs: uniqueness of miRNA, 20; maximal energy, À18; minimal space, 5; maximal space, 35; minimal mature pair, 14; maximal mature bulge, 4; maximal duplex asymmetry, 5; and flank sequence length, 10. To avoid dismissal of low-abundance miRNAs, all abundance requirements in the MIREAP program code were bypassed.
Novel endo-siRNA Detection via Sequery
A detailed protocol for identifying endo-siRNAs was described in our previous publication [52] . Briefly, the following criteria were used in the initial screening: 1) the length of small RNAs ranged from 15 to 31 nucleotides, 2) sequences of small RNAs were matched to the mouse genome, 3) sequences of small RNAs were completely complementary to known transcripts, and 4) sequences were not previously identified as miRNAs using the MIREAP program. Transcript libraries used in the present study included cDNA from Ensembl [53] , refMrna from UCSC Genome Browser [54] , and the master known small RNA library. Small RNAs that fulfilled all four criteria were classified as endo-siRNAs.
Novel snoRNA Detection via snoREPORT
Sequences aligned to the genome and ranging from 65 to 200 nucleotides in length were tested for snoRNA structure using snoREPORT 1.0 [38] . This open-source program is available online (www.bioinf.uni-leipzig.de/Software/ Sequence between barcodes and adapters were extracted as the sncRNA library sequences used for analysis. B) Library sequences were sorted by barcode to remove all non-Sertoli cell sequences. Sequences missing the appropriate adapters were discarded. Those sequences with the proper adapters and barcodes were extracted, checked for duplicates, and subsequently annotated. C) Sequery's user-friendly graphical interface. Each sequence from a selected FASTA-formatted file is represented as a row of squares representing each nucleotide. The displayed function menu allows extracting, sorting, searching, and comparing these files. [38] . No adjustments to the program were made, and sequences were classified as snoRNA if their probabilities were greater than 0.5.
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Clustering of pilRNAs
All pilRNA sequences (known piRNA and novel) within 1 kb of another pilRNA were clustered together until no pilRNAs were within 1 kb of the cluster boundaries. A minimum of at least two pilRNAs within 1 kb of each other was considered to be a cluster.
Small, Noncoding RNA Gene Targets
Known miRNA gene target transcript IDs were collected from MicroCosm Targets Version 5 [55] [56] [57] . Target transcript IDs for miRNAs and endo-siRNAs were used to perform a Gene Ontology (GO) terms annotation with Database for Annotation, Visualization, and Integrated Discovery (DAVID) 6.7, and significantly (P 0.05) enriched functional annotation terms (FATs) were assessed [58, 59] .
RESULTS
Sequence Reads in Sertoli Cell sncRNA Library
Quality of the Sertoli cell srcDNA was assessed based upon the presence and intensity of two major bands in gel images of srcDNAs, one representing miRNAs and the other representing piRNAs [42] . Of the 39 890 sequences obtained from the Sertoli cell library, Sequery identified 31 160 unique reads. Of these, 18 783 sequences were removed from analysis as degradation products due to missing adapters or insufficient read length, resulting in a total of 12 377 sequences ranging from 15 to 142 nucleotides in length. Of the remaining unique sequences, 2743 were matched to known sncRNAs, leaving 9634 reads for genome alignment and novel sncRNA classification (Supplemental Fig. S1 ).
Sertoli sncRNA Recognition and Composition
A total of 2743 sequences matched to known sncRNAs in the Sertoli cell library. Of these known sequences, 578 were unique, including 235 miRNAs, 107 piRNAs, 7 snRNAs, 58 snoRNAs, 161 tRNAs, 2 rRNAs, 3 ERVs, 2 LTRs, and 3 SINEs (Supplemental Table S3 ). Using the annotation protocol for potentially novel sncRNAs (Fig. 2) , we identified 26 endosiRNAs, 26 miRNAs, 156 pilRNAs, and 49 snoRNAs (Fig. 4 , A and B, and Supplemental Table S4 ). The reads largely consisted of sequences from 20 to 25 nucleotides (miRNAs or endo-siRNAs), followed by sequences of from 50 to 80 nucleotides (tRNA-or snoRNA-derived sncRNAs) and from 30 to 40 nucleotides (pilRNAs) in length (Fig. 4C) . A total of 598 sequences aligned to the genome with exact match but did not meet any of the criteria defined for novel sncRNA species (Fig. 2) . A general feature format (gff) file containing genomic location information for each novel sncRNA can be located through the GEO (www.ncbi.nlm.nih.gov/geo/query/acc. cgi?acc¼GSE40692) [43] .
Sertoli Novel sncRNA Characteristics
RNAfold was used for additional visualization of novel sncRNAs with known conserved secondary structures, such as the miRNA hairpin loop [51, 60, 61] . Sequences were displayed with their corresponding constraint folding configurations from MIREAP and snoREPORT. As expected, novel miRNAs and snoRNAs identified had features similar to those of known miRNA and snoRNA species (Fig. 5A) .
Analyses of the pilRNA novel sequences revealed a preference of MIWI-associating pilRNA sequences, which range from 30 to 32 nucleotides in size, have minimal clustering, and have a preference for primary piRNA transcripts (contain 5 0 uracil instead of adenine in the 10th nucleotide position) (Fig. 5B) . This length-sorting scheme was based upon previous studies showing that murine piRNAs associate with three PIWI family proteins that display size preferences (;26, 28, and 30 nucleotides are the predominant sizes for MILI-, MIWI2-, or MIWI-associating piRNAs, respectively) [62, 63] . It should be noted that some 454 sequencing reads matched to known piRNA sequences that were smaller than the conventional 24-to 32-ncleotide piRNA range. For example, the smallest piRNAs matched to were piR-122846 and piR-129010, which are both 20 nucleotides in length (Supplemental Table S3 ). Further investigation of all Sertoli pilRNA sequences (known piRNA and novel sequences) was performed to confirm similarities between MIWIassociating piRNAs and the Sertoli pilRNAs. Like MIWIassociating piRNAs, Sertoli pilRNAs show minimal clustering (Supplemental Table S5 ) and a preference for primary pilRNAs (have 5 0 uracil) in contrast to secondary pilRNAs (contain adenine in the 10th position) (Fig. 5C ) [63] . These characteristics are indicative of little to no ''ping-pong'' activity, which is the mechanism used to silence transposons [28, 63] .
As a requirement for identifying novel endo-siRNAs, a complete complementary match must be found between the putative endo-siRNA and a known mRNA sequence. We further analyzed all proposed mRNA target sites for all of the Sertoli cell endo-siRNAs identified in the present study (Supplemental Table S6 ). Consistent with the notion that endo-siRNAs typically target 3 0 untranslated regions (UTRs) [52] , we found that these Sertoli cell endo-siRNAs also frequently (;90%) target the 3 0 UTRs of mRNAs (Fig. 5D ).
Posttranscriptional Gene Regulation in Immature Sertoli Cells
Both miRNAs and endo-siRNAs are well known for their role in posttranscriptional regulation of gene expression. We therefore analyzed their potential gene targets (Supplemental Tables S6-S9 ) to see if Sertoli miRNAs and endo-siRNAs preferentially regulate certain genes involved in specific biological processes. Both miRNAs and endo-siRNAs showed target enrichment in genes encoding mitochondrial proteins and nonnuclear proteins in general ( Table 1 ). The miRNAs identified in the present study appeared to preferentially target proteins involved in phosphorylation pathways and RNAbinding proteins. Sertoli endo-siRNAs, on the other hand, appeared to regulate apoptosis and preferentially regulate mRNAs encoding ion-binding proteins ( Table 1) .
Confirmation of Expression of Novel Sertoli sncRNAs
Expression of novel sncRNAs identified in the present study was confirmed using a PCR-based sncRNA detection method [64] (Fig. 6A) . Of the 30 novel sncRNAs tested, 26 were confirmed to be expressed in Sertoli cells. Two sncRNAs (miRNA-se22 and pilRNA-se120) could not be verified due to severe primer dimerization in PCR assays, and another two pilRNAs (pilRA-se89 and pilRNA-se96) were detected in whole testis but not in purified Sertoli cells, suggesting these two may be derived from contaminating germ cells. Based on semiquantitative analyses of the PCR results, all sncRNAs with confirmed expression in Sertoli cells were also detected in testis. In addition, these sncRNAs appeared to be shared largely with the brain and only somewhat with the ovary (Fig. 6B) .
SERTOLI CELL sncRNA TRANSCRIPTOME ANNOTATION DISCUSSION Sertoli cells represent the major somatic cell type within the seminiferous tubules that supports male germ cell development both structurally and functionally [65] . The nuclei of Sertoli cells are mostly located in the basal compartment of the seminiferous tubules, but their cytoplasm extends from the basal membrane to the lumen and is in direct contact with the cytoplasm of all developing male germ cells in all three phases of spermatogenesis (i.e., spermatogonia in the mitotic phase, spermatocytes in the meiotic phase, and spermatids in haploid phase of spermatogenesis) [65, 66] . Successful spermatogenesis depends upon the normal development and function of Sertoli cells, and damage to Sertoli cells leads to severe disruption of spermatogenesis and male infertility [25, 67] .
It is noteworthy that one Sertoli cell simultaneously supports multiple developing germ cells at various phases of development [65, 66] . For example, Sertoli cells at stage I of the murine seminiferous epithelial cycle are always associated with type A4 spermatogonia, early pachytene spermatocytes, and steps 1 (round) and 13 (elongated) spermatids, whereas Sertoli cells at stage XII are in direct contact with type A3 spermatogonia, zygotene spermatocytes, meiotically dividing spermatocytes, and step 12 elongating spermatids [65, 66] . Synchronized development of male germ cells is a feature of mammalian spermatogenesis, and precisely coordinated male germ cell development (i.e., synchronization) must be achieved through Sertoli cells. One Sertoli cell can support the development of multiple generations of male germ cells, and at the same time, this Sertoli cell has to communicate with its neighboring Sertoli cells such that spermatogenesis can occur within the entire seminiferous tubule in a highly synchronized manner. Given the multitask nature of Sertoli cells, it is not difficult to understand that in Sertoli cells, posttranscriptional regulation is critical, because it allows rapid protein production in response to complex developmental stimuli. The sncRNAs mostly function at posttranscriptional levels [3] . In this sense, it is not surprising to find that two major small RNA species SERTOLI CELL sncRNA TRANSCRIPTOME ANNOTATION known to be involved in posttranscriptional regulation of gene expression (i.e., miRNA and pilRNA) were highly abundant in Sertoli cells. Interestingly, we also found abundant tRNAs, snoRNAs, and tRNA-or snoRNA-derived sncRNAs. Enriched expression of tRNAs and snoRNAs may reflect the need for diverse protein translation and ribosome processing in Sertoli cells. Both tRNAs and snoRNAs have also been shown to be involved in RNA interference (RNAi) [68, 69] . Some tRNAand snoRNA-derived sncRNAs represent truncated tRNAs and snoRNAs potentially resulting from fragmentation of fulllength tRNAs or snoRNAs during RNA isolation and/or library preparation (Supplemental Table S10 ). More work would be necessary to confirm if these fragments are RNAi-performing sncRNAs or just procedural artifacts. A total of 263 unique pilRNA sequences, including 107 known piRNA sequences, were identified in the present study. Altogether, the pilRNA sncRNA species makes up 32% of the Sertoli sncRNA transcriptome. Although several reports have identified numerous pilRNAs in multiple somatic tissues [7, 70] , little is known about the function of these somatic cellexpressed pilRNAs. Based on our preliminary analyses, Sertoli pilRNAs display characteristics similar to those of MIWIbound piRNAs (also called pachytene piRNAs). Given that pachytene piRNAs are not produced through the well-defined ping-pong mechanism and are mostly involved in posttranscriptional regulation of mRNA expression and stability [9, 71] , Sertoli pilRNAs may also function at the posttranscriptional levels to regulate mRNA fate during testicular development and spermatogenesis. Because PIWI proteins are restricted to germ cells, the biogenesis of somatic cellexpressed pilRNAs must rely on pathways similar to that of germ cell piRNA biogenesis. For now, these somatic pilRNAs are mainly defined based upon their common size to germ cell piRNAs (i.e., ;24-32 nucleotides). Further characterization of the effector complexes of these Sertoli cell pilRNAs would shed light on their functions in Sertoli cells and spermatogenesis.
The miRNAs identified in the present study largely target phosphorylation pathways and have a preference for RNAbinding proteins. Studies have shown that phosphorylation is an important downstream effect upon germ cell contact with Sertoli cells [72] . It has also been shown that folliclestimulating hormone can induce expedient production of phosphorylated proteins in Sertoli cells within 5 min of stimulation [73] . Taken together, these data suggest that Sertoli cell miRNAs may be responsible for the holding and quick release of phosphorylation pathway proteins for this relatively instantaneous response to occur. In contrast, the endo-siRNA population generally target pathways involved in apoptosis, showing a distinct division in function between these two small RNA classes. The proteins targeted by Sertoli endo-siRNA are enriched in metal ion-binding proteins. Metal ion-transport proteins are one of the main groups of proteins secreted by Sertoli cells to carry out their ''nursing'' functions [66] . Sertoli endo-siRNAs may be specifically targeting ion-binding proteins at different developmental stages to regulate release at the proper time points during spermatogenesis. Based on the presence/absence of the blood-testis barrier and the need for supporting different populations of spermatogenic cells during testicular development [74] , the sncRNA transcriptome will almost certainly be different in immature and mature testes. It would be interesting to define and compare the sncRNA transcriptome of adult Sertoli cells with that of immature Sertoli cells in future studies.
The 454 sequencing platforms are prone to several errors, such as A-and T-rich homopolymer errors, which could lead to FIG. 6 . Validation of expression of Sertoli cell sncRNAs. A) PCR results for novel sncRNAs. The sncRNAs were isolated from FACS-purified Sertoli cells, total testes, ovary, and brain followed by conversion of sncRNAs into srcDNAs. U6 snRNA, which is ubiquitously expressed in all cell types, was used as a positive control. NTC, negative template control (no cDNA). B) Semiquantitative interpretation of PCR results. Expression range starts at 4 (red), the highest expression, and ends at 0 (green), the lowest expression.
ORTOGERO ET AL. a decrease in detection of sncRNAs [75, 76] . Particularly, it should be noted that this is not the ideal platform for sequencing small RNAs. It has a tendency to underrepresent sequences less than 80 and more than 300 nucleotides in length [76] . Most of the species examined in the present study fall below 80 nucleotides and may cause loss of detection of lowabundance sncRNAs. This error is mostly detrimental to differential expression data, which was not performed in the present study; therefore, this underrepresentation overall should not have a large impact on our findings.
The GUI of Sequery makes it easy for people without programing or bioinformatics expertise to analyze sncRNA transcriptome data. Sequery is flexible and allows comparison of any two sequence files, making the annotation process of less well-studied sequences easy. Short read matching can be achieved relatively fast and with little memory usage. For example, it took approximately 1 min and about 183 MB of memory to match the Sertoli unduplicated sequence file against the entire known sncRNA library. Sequery currently lacks additional data interpretation tools that can take sequencing data from reads to publication figures. These additional features are currently being developed for future upgrade.
In summary, we have successfully developed a simple and user-friendly protocol for annotating high-throughput sncRNA sequencing data. Because Sequery will compare any two sequence files, our protocol can easily be adapted or adopted for annotating sequences reads from other NGS platforms currently used in biomedical research.
